ABSTRACT: Over the past few decades, microrheology has emerged as a widely used technique to measure the mechanical properties of soft viscoelastic materials. Optical tweezers offer a powerful platform for performing microrheology measurements and can measure rheological properties at the level of single molecules out to near macroscopic scales. Unlike passive microrheology methods, which use diffusing microspheres to extract rheological properties, optical tweezers can probe the nonlinear viscoelastic response, and measure the space-and time-dependent rheological properties of heterogeneous, nonequilibrium materials. In this Viewpoint, I describe the basic principles underlying optical tweezers microrheology, the instrumentation and material requirements, and key applications to widely studied soft biological materials. I also describe several sophisticated approaches that include coupling optical tweezers to fluorescence microscopy and microfluidics. The described techniques can robustly characterize noncontinuum mechanics, nonlinear mechanical responses, strain-field heterogeneities, stress propagation, force relaxation dynamics, and time-dependent mechanics of active materials. O ptical tweezers, pioneered by Ashkin and co-workers in the 1970s, 1−3 have proven invaluable to elucidating important biological questions by enabling manipulation and high-resolution mechanical measurements of single molecules. For example, optical tweezers measurements have quantified the kinetics of kinesin walking along microtubules, the stretching profile of DNA, and the binding strength of actin to cross-linking proteins.
O ptical tweezers, pioneered by Ashkin and co-workers in the 1970s, 1−3 have proven invaluable to elucidating important biological questions by enabling manipulation and high-resolution mechanical measurements of single molecules. For example, optical tweezers measurements have quantified the kinetics of kinesin walking along microtubules, the stretching profile of DNA, and the binding strength of actin to cross-linking proteins. 4−8 However, the ability to measure piconewton-level forces, and control and move micron-sized particles with nanometer precision, also make optical tweezers an exceptional platform for investigating the complex microscale rheology of macromolecular networks, soft materials, and non-Newtonian fluids. 9, 10 Rheology, the study of the flow and deformation of matter subject to applied forces, has been used extensively to shed light onto the complex mechanical properties of soft matter systems. These materials, which range from cytoplasm to ketchup, exhibit viscoelasticity, such that their response to strain cannot solely be described by fluid-like viscosity or solidlike elasticity. The rheological properties of these materials have traditionally been studied using bulk techniques in which the entire sample is strained and the bulk stress response is measured. However, many soft materials exhibit heterogeneities and scale-dependent rheology which bulk methods cannot discern. 11−14 Further, bulk rheometers often require ∼mL quantities, which limits their use for expensive or difficult to produce materials such as many biological systems.
To overcome these issues, researchers developed microrheology methods to measure microscale viscoelastic properties of soft materials using ∼μL volumes. 15−17 The most widely used technique is passive microrheology in which the trajectories of diffusing microspheres embedded in the material are tracked and used to extract the frequency-dependent elastic modulus G′(ω) and viscous modulus G″(ω). This method relies on generalized Stokes−Einstein relations to connect microbead trajectories to viscoelastic properties 16 and is limited to measuring linear response characteristics. Tracking single beads determines the rheological properties at the scale of the bead size (∼0.1−1 μm), which can be quite different than mesoscale and macroscale properties.
18−21 Two-point microrheology, which examines correlations between bead pairs, 14, 21, 22 can extract near-macroscopic moduli, but is inherently noisy and can be difficult to discern reliable, statistically significant signals.
Active microrheology, in which a microsphere is externally driven through a material, while the mechanical response to the strain is measured, offers an alternative to passive techniques and can provide enhanced capabilities and a wider parameter space of rheological deliverables. Optical tweezers allow for precision active microrheology measurements in which the velocity and displacement of the trapped bead are controlled with nanometer and millisecond precision and the resulting force is measured with subpiconewton accuracy. Optical tweezers are also highly adaptable and modular, enabling a wide range of added functionalities to be incorporated into the instrument to allow for novel measurement techniques and the study of diverse material systems.
Instrumentation design and requirements: There are many excellent reviews on the basics of building and calibrating force-measuring optical tweezers. 23−28 I will focus on the instrumentation required for microrheology experiments ( Figure 1 ).
For any microrheology experiment it is critical that the optical trap have back focal plane force detection, 26, 28 as well as a fast (>10 kHz) data acquisition rate. Two-axis siliconbased position sensing diodes (PSD; e.g., First Sensors DL100−7 PCBA3) are well-suited for this need as they allow for two-dimensional measurements of laser deflection and can be easily configured to a data acquisition board for 100 kHz read rates. An objective with a high numerical aperture (NA ≥ 60×) is also ideal to ensure a strong trap that can withstand high resistive forces. However, the short working distance of high NA objectives can lead to hydrodynamic interactions with the sample boundary that can affect the apparent forces on the trapped particle. 29 To avoid these issues, No. 0 or 1 cover glasses are recommended.
Another important functionality is the ability to move the trapped bead relative to the sample at fast rates (∼100 Hz) with nanometer-scale precision and ∼ms response times. A two-axis piezoelectric stage (e.g., Mad City Laboratories Nano-PDQ250) that moves the sample (while keeping the trap fixed) meets these demands and allows for the bead to be moved in two dimensions to probe potential spatial asymmetries. An alternative approach is to use a piezoelectric mirror (e.g., Physik Instrumente S-330.8SD) to move the trap while keeping the sample fixed in space. The benefit of this approach is that the sample stays fixed so one can image the material during strain. The potential complication is that the movement of the trap will cause movement of the trapping beam that could be mistaken for force-induced laser deflection if the detection optics are not conjugate with the back focal plane of the objective.
While many microrheology experiments can be performed using bright-field microscopy (standard in all optical tweezers) to image beads, most biopolymers or macromolecules comprising soft materials are transparent to white light. Thus, to image macromolecular constituents during measurements it is advantageous to label them with fluorescent dyes and couple the optical trap to a fluorescence microscope. This can be done using an inverted fluorescence microscope (e.g., Olympus IX73) with an extra filter cube port stacked above the fluorescence filter cube turret. This extra port houses the dichroic filter for the trapping laser while the turret below houses the filters needed for fluorescence excitation and imaging.
To enable microrheology experiments such as those in references 30−34, one needs two spatially parallel optical traps. Two traps can be formed from a single laser by incorporating polarization beam splitters (PBS) into the light path to split the laser into horizontally and vertically polarized beams that each form a different trap. If one trap is controlled with a piezoelectric mirror then the two traps can be moved relative to each other. The force exerted on each trap can be separately measured by incorporating a second PSD and another beam splitter to separate the two polarizations after passing through the condenser. Finally, a digitally controlled laser shutter can be used to turn the laser on and off at precise time points to allow for experiments described in references 35 and 36.
Another important consideration is bead size and surface modification. Most systems of interest are not continuum materials but are instead networks of macromolecules with characteristic mesh or pore sizes. To measure the properties of the system rather than the pervading buffer the bead should be at least ∼3× larger than the system mesh size. 19, 22 To ensure that the beads do not bind to (nonspecifically) or otherwise chemically interact with the material, they should be coated 
ACS Macro Letters
Viewpoint with small, noninteracting, neutral proteins or polymers such as BSA or PEG.
11,37,38 Carboxylated polystyrene beads (e.g., Polysciences, 17140−5) can be easily coated using carbodiimide cross-linking chemistry. 39 One can also incorporate fluorescent BSA (e.g., Alexa-488-BSA) into the reaction to enable simultaneous visualization of the bead and the fluorescent-labeled sample.
37
Aqueous materials are best for manipulation of beads and straightforward force calibration. Systems that have been studied most widely using optical tweezers microrheology are networks of biopolymers such as DNA, wormlike micelles, and cytoskeleton filaments, as well mucus and systems of synthetic polymers. 11,13,35,36,40−44 These systems have rich viscoelastic behavior but the volume fraction of biopolymers is low enough such that the materials are primarily comprised of water.
For most techniques, multiple individual trials should be executed, each taken with a different bead in a different location in the sample chamber. While most post-acquisition analyses are performed using the average of all trials, rich information can be obtained from the distribution of individual measurements which should be carefully examined. 13, 45 This distribution can bear evidence of spatial heterogeneities, phase separation, and molecular individuality, as well as macromolecular buckling and rupturing events. 13 In fact, one of the advantages of active microrheology over other techniques is the ability to perform localized measurements throughout the material and resolve length scales over which heterogeneities are present.
11−13,19
Standard measurement techniques: The most basic active microrheology technique, analogous to conventional bulk linear rheology measurements, is to sinusoidally oscillate a trapped bead with small amplitudes x max and a wide range of frequencies ω (Figure 2) . 19, 40, 46 By measuring the resulting force F during oscillations and comparing to the measured trap displacement x, one can determine the frequency-dependent elastic modulus G′(ω), viscous modulus G″(ω), and complex viscosity η*(ω). Specifically, from the oscillation amplitudes of the force F max and trap position x max , and the phase shift between the two sine curves Δϕ, one can compute the viscoelastic moduli as Figure 2D ). For these measurements, the amplitude should be chosen to be large enough to measure an appreciable signal for low frequencies but small enough to be in the linear amplitude-independent regime. This technique has been used to characterize the viscoelastic properties of networks of DNA, actin, intermediate filaments, and mucus and has shown that these systems exhibit hierarchical and anisotropic structure and mechanical response at the microscale. 11, 12, 19, 46 For example, studies on entangled DNA showed that the noncontinuum characteristics of the network play an important role in the measured response until the bead diameter exceeds ∼3× the entanglement tube diameter d T . 19 To perturb a material far from equilibrium, and determine how the mechanical response depends on the length scale of the strain, largescale constant speed strains can be performed. These measurements also allow for measuring mesoscale viscoelastic properties, inaccessible to passive microrheology and bulk macrorheology. In this technique, the bead is moved at a constant speed v over a displacement x that is large compared to the intrinsic length scales of the system, while the force F is measured as a function of x (Figure 3 ). These measurements are analogous to nonlinear rheology measurements that apply a strain γ with a constant strain rate γ̇and measure the dependence of stress σ on γ and γ. To directly compare results to those of macrorheology measurements, displacement, speed, and force can be converted to strain, strain rate, and stress using the following relations: γ = x/2R, γ= 3v/√2R, σ = F/πR 2 . 36, 47 From F(x) one can also determine an effective differential modulus, which quantifies the system elasticity or stiffness, by computing the derivative of F with respect to x or γ: K(x) = dF(x)/dx or K(γ) = dσ(γ)/dγ ( Figure  3D ,E). For materials that exhibit a viscous steady-state response, in which F(x) reaches an x-independent plateau at large distances, these measurements can be used to determine the steady-state viscosity η(γ) and its dependence on strain rate. 36, 44 Typical distances used in these measurements are ∼10−30 μm, with the upper bound limited by the range of the piezoelectric stage and the linearity of the trap at large bead deflections. Speeds typically vary from ∼1−10 2 μm/s depend- 
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Viewpoint ing on the relaxation time scales of the system, the strength of the optical trap, and the response time of the stage. To access the nonlinear regime, speeds should be several times faster than the relaxation time of the material. In other words, the Weissenberg number Wi should be much greater than 1.
36
Slower speed measurements can identify the crossover point from linear to nonlinear rheological response. 36,44,54 However, care must be taken when interpreting the results of these nonlinear measurements, as discussed in references 47−50. Further, due to the different nature of the flow field compared to macrorheology experiments, a direct comparison between the two techniques cannot be done blindly. In fact, differences between results from micro-and macrorheology can shed important light onto the complex structure and nonlinear flow response of many viscoelastic materials.
37,51−53
The time-dependent relaxation of strain-induced force can be measured following constant speed strains to determine stress relaxation profiles (Figure 4) . The most straightforward method is to continue to measure the force exerted on the trapped bead once the strain has completed, resulting in timedependent force decay curves ( Figure 4A,B) . 13, 44, 54, 55 Most relaxation profiles of viscoelastic materials can be fit to a sum of exponentials (F(t) ∼ Ae −t/τ 1 + Be −t/τ 2 + ...) if the relaxation time constants τ N are well separated in time. 45, 54 Inverse Laplace transform analysis can be used to determine the number of distinct decays present in the relaxation curves, 30 and exponential fits to the data can determine the corresponding relaxation time scales τ N . 45, 54 For heterogeneous systems or in the nonlinear regime, force decays often exhibit power-law decay F(t) ∼ t −α , and the scaling exponents can be determined from the measured relaxation curves ( Figure  4B) . 13, 36, 44, 55 An alternative method for analyzing relaxation dynamics is to shut the laser off after the strain completes and track the recoil of the released bead ( Figure 4C,D) . 35, 36 The bead displacement can be tracked using high frame-rate video capture. Bead trajectories, maximum recoil distances and time scales over which recoil takes place can be analyzed to quantify the relative viscous and elastic contributions to the relaxation, and the mesh size or entanglement length of macromolecular networks.
36 By varying the "wait times" t w following the strain before the laser is shut off, one can quantify the time dependence of stress relaxation and the intrinsic relaxation time scales of the system ( Figure 4D ).
An alternative approach to the active methods described above is to use the Brownian motion of a trapped bead to extract viscoelastic properties. This method, which requires nothing more than an optical trap with force detection, is more akin to passive microrheology as there is no active forcing of the bead through the sample. In these measurements, generalized Stokes−Einstein relationships are used to relate the mean-squared displacement, position autocorrelation function, or power spectrum of the trapped bead to the linear viscoelastic moduli G′(ω) and G″(ω).
9,56 These techniques, as well as their applications, have been covered extensively elsewhere. 9, 17, 41, 42, 57, 58 Advanced approaches: The stress response of a material is often used to deduce the dynamics and interactions of the macromolecules comprising the system. However, few methods can directly couple the strain-induced deformations and motions of the macromolecular components with the resulting stress imposed in the material. One can achieve this goal by combining optical tweezers microrheology with fluorescence microscopy and particle-tracking ( Figure 5) . 37, 45 In this technique, a fraction of the polymers comprising the system are fluorescent-labeled such that they can be tracked as point particles over time, and fast frame-rate videos are recorded during and after the strain applied by the trapped bead ( Figure 5A,B) . 37, 45 For these measurements, the sample must remain fixed in the imaging plane, so to apply a strain, the trap itself must be moved (via a piezoelectric mirror, Figure 1 ). To determine how the network responds during strain, it is important that the camera frame rate be several times faster than the strain rate, so multiple frames can be acquired during the bead motion. This active particle-tracking method can extract all of the information from the methods described above while simultaneously measuring the distribution of particle velocities and trajectories at varying positions from the applied perturbation. Particle-tracking algorithms, such as those from Crocker and Weeks, 59 can be used to calculate particle trajectories, from which one can determine the maximum strain-induced displacements and velocities of the particles, as well as the subsequent recoil distances following the strain ( Figure 5C ). By analyzing the distributions of displacements and velocities for different radial distances from the strain site, one can map the strain field of the network and 
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Viewpoint determine how stress propagates from the strain site and distributes through the network ( Figure 5D ). For this analysis, it is important that the strain path is centered in the field of view and that the field of view is several times larger than the length scale of the bead displacement ( Figure 5B,D) . References 37 and 45, which use this technique to investigate the nonlinear response of actin networks, describe in detail how to execute these measurements and the wealth of information that can be obtained.
To directly measure interaction forces between the constituents of a polymeric material and characterize their confinement, one can use the polymers themselves to impose strain and measure stress. 30, 31 This technique requires the ends of the polymer (typically a biopolymer) to be functionalized to bind microspheres, 5, 60 and two traps to hold the two bead "handles" of the polymer. For microrheology measurements, the biopolymer is stretched taught and moved in a direction transverse to its contour at a constant speed through the sample. The resulting force exerted on each bead handle during and following the displacement is measured. Control experiments in which only beads are trapped are also performed and the force profiles are subtracted from those in which a biopolymer is present to determine the force induced solely in the biopolymer. These measurements can be used to directly probe the transverse tube confinement potential in entangled polymer systems 30, 31 and shed light on the interaction forces between polymers in a network. The force relaxation following displacement can resolve the system relaxation time scales and associated mechanisms. The extended range of the applied 
Viewpoint force can also more accurately detect hooking and slippage of polymers during displacement. 30, 31 Further, two parallel optical traps can be used to perform other novel microrheology measurements. 32, 34, 33 For instance, tracking the motion of a bead as it flips between two traps that alternately shut on and off provide the low frequency viscoelastic response of a material. 32 Measuring the signal from a fixed trapped bead as an adjacent trapped bead is oscillated can be used to measure fluid viscosity and test the validity of the fluctuation− dissipation theorem. 33, 34 Many soft materials and macromolecular networks, particularly biological ones, are dynamic nonequilibrium systems that readily change their properties in response to changing chemical environments. For example, actin proteins polymerize and depolymerize depending on the concentration of MgCl 2 , CaCl 2 , and ATP in solution. Biological motors and enzymes alter the size and topology of DNA and induce morphological changes in cytoskeleton networks depending on the buffer conditions. To understand how chemically triggered activity alters the mechanical properties of active or driven systems, one requires a method to alter buffer conditions in situ while simultaneously measuring the time-varying mechanical properties of nonequilibrium materials. To enable these measurements optical tweezers microrheology can be coupled with microfluidic perfusion chambers. 61 In these measurements, the chemical environment is altered in real-time via microfluidics while small oscillation microrheology is performed in set time intervals to determine how the mechanical properties evolve and transition between different states ( Figure 6 ). 62 The microfluidic devices, based on methods from reference 61, are prepared using microscope slides, spacers and coverslips compatible with most optical tweezers setups. The devices have a central sample chamber bordered on top and bottom by semipermeable membranes and flanking buffer channels ( Figure 6A) . After loading the sample into the central chamber, the left and right sides of the chamber are sealed so the sample is completely enclosed. Tubing inserted into both ends of the buffer channels enables buffer exchange within the sample chamber via passive diffusion through the membranes. These strategically designed chambers can modulate the chemical environment of the system while preventing directional flow, disruption, or loss of sample. Microrheology measurements can be executed before, during and after buffer exchange to determine the effect of dynamic modulation of chemical environments on the mechanical properties of the material ( Figure 6B,C) .
Outlook: Optical tweezers microrheology is a powerful platform for elucidating the microscale and mesoscale mechanical properties of a wide range of macromolecular systems and soft materials. There are more optical tweezers microrheology methods than were covered here, 9, 12, 17, 43, 65 and new methods continue to be developed. Most applications to date, which have been referenced in the preceding sections, have been on networks of biopolymers including DNA, actin, microtubules, intermediate filaments, and wormlike micelles. 12, 13, 36, 37, 42, 45 However, these techniques have also been applied to synthetic polymers, mucus, vitreous humor, and viscous fluids. 9, 11, 32, 35, 41, 43 While many technological advances have been made in the field of microrheology to enable the versatile measurements described above, theoretical models that predict microrheology data remain underdeveloped. 16, 66, 67 While the results of microrheology are often compared to those of macrorheology, the nature of the strain field in the two techniques are indeed different. Complete understanding of existing microrheology data, as well as future advances to the field, will rely on new theoretical models to be developed that can accurately describe the strain field induced by the moving microsphere, and its effects on the macromolecules comprising the myriad of soft matter systems investigated with this method.
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Notes
The author declares no competing financial interest. The cartoon shows actin filaments and microspheres sealed in the central sample chamber, flanked by membranes that are permeable to small molecules but not macromolecules. 62, 63 Buffer channels connected to capillary tubing allow for existing buffer to be pulled out of the chamber while the desired buffer is pulled in. Prior to experiments, buffer channels are filled with the buffer that matches that of the sample. To change the chemical environment of the sample, a digitally controlled syringe pump pulls the existing buffer from the flanking channels while the new desired buffer is pulled in. The membrane thickness and flow rate are set so that the new buffer is able to diffuse into the sample chamber while the existing buffer diffuses out. 61, 64 (B, C) Time-dependent elastic moduli G′(ω) of actin networks during depolymerization (disassembly, B) and subsequent repolymerization (reassembly, C) of actin filaments triggered by varying concentrations of MgCl 2 , CaCl 2 , and ATP. Red and blue curves are ω-averaged values for networks with (red) and without (blue) 2% biotin-NeutrAvidin crosslinkers. Solid black lines are (B) fits to single exponentials with time constants listed in min, and (C) linear fits with slopes listed in mPa-min −1 . Data is reproduced from reference 62. 
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